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Abstract. An assessment of the performance of different
convection-permitting ensemble prediction systems (EPSs)
is performed, with a focus on Heavy Precipitating
Events (HPEs). The convective-scale EPS configuration in-
cludes perturbations of lateral boundary conditions (LBCs)
by using a global ensemble to provide LBCs, initial condi-
tions (ICs) through an ensemble data assimilation technique
and perturbations of microphysical parameterisations to ac-
count for part of model errors. A probabilistic evaluation is
conducted over an 18-day period. A clear improvement is
found when uncertainties on LBCs and ICs are considered
together, but the chosen microphysical perturbations have no
significant impact on probabilistic scores.
Innovative evaluation processes for three HPE case studies
are implemented. First, maxima diagrams provide a multi-
scale analysis of intense rainfall. Second, an hydrological
evaluation is performed through the computation of dis-
charge forecasts using hourly ensemble precipitation fore-
casts as an input. All ensembles behave similarly, but dif-
ferences are found highlighting the impact of microphysical
perturbations on HPEs forecasts, especially for cases involv-
ing complex small-scale processes.
1 Introduction
The north-western Mediterranean basin is frequently hit by
Heavy Precipitating Events (HPEs), mainly during the fall.
The mesoscale convective systems associated with these
HPEs typically produce over 200 mm in 6–24 h. Such in-
tense rainfall events occurring over the small and steep
Mediterranean hydrological catchments can trigger catas-
trophic flash-floods, threatening both people and property.
The most dramatic of these events have been extensively
studied (see Buzzi et al., 1998; Nuissier et al., 2008; Ducrocq
et al., 2008, among others). It was shown that their pre-
dictability is strongly affected by the complex interactions of
different small scale processes, such as convective instability
or microphysical processes.
Thus, although Convection-Permitting Models (CPMs)
simulate realistic precipitating systems, forecasting those
systems precisely remains a great challenge, and still the
hydrological runoff forecasts for such small catchments are
very sensitive to both the rainfall maximum intensity and lo-
cation. It is, therefore, essential to evaluate the uncertainty of
convective-scale forecasts.
Ensemble prediction is now a well-known tool for quan-
tifying uncertainties of weather forecasts. While global,
medium-range Ensemble Prediction Systems (EPSs) are op-
erational since the 1990s to assess the predictability of large-
scale atmospheric flows, the design of convection-permitting
EPSs adapted to the evaluation of the predictability of lo-
cal, high-impact weather is still at an early stage. The differ-
ent sensitivity to Initial Conditions (ICs), the faster growth
of convective-scale perturbations due to the more nonlinear
physical parameterisations, the need to account for the uncer-
tainty of the Lateral Boundary Conditions (LBCs), as well as
the much higher computing time required by CPMs make it
difficult to adapt the methods used to generate global EPSs.
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Thus, the design of a convection-permitting EPS remains an
open question.
Recent studies on convection-permitting EPSs have ex-
plored various techniques to generate ensembles. Hoheneg-
ger et al. (2008) compared different downscaling proce-
dures to generate both ICs and LBCs for their convection-
permitting EPSs and found that the added value of the CPM
forecasts varied with the synoptic-scale conditions. For their
model set-up, the impact of uncertainty on LBCs became
predominant after 12 h. Hohenegger and Scha¨r (2007a) fo-
cused on the impact of differences in the initial conditions
and compared a shifted initialisation technique to perturba-
tions in the initial temperature field. They showed that all
methods had a similar impact and identified the same region
of lower predictability. Gebhardt et al. (2011) designed three
ensembles to sample the uncertainties on LBCs and model
physics, separately at first, and then together. They found
that physics perturbations are dominant over the first 4 to
6 h of simulation. The LBCs have generally more impact
on the convection-permitting ensemble spread after 6 h, al-
though in some cases physics perturbations have a strong im-
pact on longer forecast ranges as well. They also concluded
that sampling both sources of uncertainty together increased
the ensemble quality. Fresnay et al. (2012) studied the sensi-
tivity of a CPM to the auto-conversion, accretion and evap-
oration tendencies, for a Mediterranean HPE. Perturbations
of these microphysical tendencies mostly impacted rainfall
intensity, but sometimes displaced the precipitating systems
as well. Clark et al. (2009, 2010), using data from the 2007
NOAA Hazardous Weather Testbed Spring Experiment, dis-
cussed the factors influencing the growth of ensemble spread
and highlighted the value of convection-permitting ensemble
forecasts compared to regional EPSs, despite the lower num-
ber of members.
Vie´ et al. (2011) assessed the relative impact on CPM
forecasts of uncertainties associated with convective-scale
ICs and synoptic-scale LBCs. Comparing distinct ensembles
over both a 1-month period and case studies of HPEs, they
showed that the impact of these two sources of uncertainty
were different. Initial perturbations mostly impact short fore-
cast ranges, while uncertainty coming from the LBCs rapidly
becomes predominant (after 12 h in their experiment set-up)
and accounts for most of the ensemble spread. However,
even if initial perturbations have generally little impact be-
yond 12 h, they remain important for some of the HPE case-
studies. Both ensembles had satisfying probabilistic scores,
but suffered from a strong lack of spread, especially for low-
level parameters, known to strongly influence Mediterranean
HPEs.
The present work assesses the benefit of accounting for
these two sources of uncertainty in a single convection-
permitting EPS, both in terms of ensemble spread and prob-
abilistic scores. In an effort to sample model errors, a
convection-permitting ensemble including perturbations of
the microphysics scheme is also evaluated.
Table 1. Characteristics of the different ensemble experiments.
Experiment LBCs Data Microphysical
name assimilation perturbations
E1 PEARP EPS Unperturbed obs. No
E2 ARPEGE deterministic fc. Perturbed obs. No
E3 PEARP EPS Perturbed obs. No
E4 PEARP EPS Perturbed obs. Yes
Designing and comparing convection-permitting EPSs for
rare, high-impact events also raises the question of proba-
bilistic forecast verification and evaluation. In addition to
the common probabilistic evaluation using ensemble scores
such as rank histograms and Relative Operating Character-
istics (ROC) curves, an innovative evaluation is performed
over three case studies of Mediterranean HPEs. The com-
putation of maxima diagrams provides a multi-scale assess-
ment of simulated and observed rainfall, as in Ceresetti et al.
(2012), in relation with the structure of the precipitating sys-
tems. Precipitation forecasts are also used as input for hydro-
logical ensemble runoff forecasts, to assess the value of our
ensembles for flash-flood forecasting.
This paper is structured as follows. In Sect. 2, the fore-
casting system is detailed. Section 3 presents the results of
the probabilistic evaluation of the ensemble forecasts over an
18-day period. The evaluation of the ensembles for the three
case studies is performed in Sect. 4, using both maxima dia-
grams and hydrological discharge forecasts. Conclusions are
drawn in the last section.
2 Methodology
2.1 The convection-permitting model AROME
The operational CPM Application of Research to Operations
at MEsoscale (AROME) from Me´te´o-France was used in this
study. The AROME forecasting system is extensively de-
scribed in Seity et al. (2010). It is based on adiabatic, non-
hydrostatic equations from the limited-area ALADIN model.
An horizontal grid-spacing of 2.5 km and 41 vertical levels
are used. AROME uses physical parameterisations from the
research model Meso-NH (Lafore et al., 1998), including a
bulk, one-moment microphysics scheme following Caniaux
et al. (1994) which represents six water species. An eddy dif-
fusivity Kain-Fritsch (EDKF) scheme (Pergaud et al., 2009)
is used for shallow convection parameterisation, and the tur-
bulent scheme follows Cuxart et al. (2000).
AROME has its own 3D-VAR data assimilation scheme,
with background and observation statistics adapted to its fine
resolution (Yan et al., 2009; Boniface et al., 2009). Ground-
based observations, as well as satellite data and doppler ra-
dial winds from the weather radar network are assimilated.
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Table 2. Multiplying factors applied to the auto-conversion, accretion and evaporation tendencies, for each member of the E4 ensemble.
Ens. member 0 1 2 3 4 5 6 7 8 9 10
Autoconversion 1 0.75 0.75 0.75 0.75 1.25 1.25 1.25 1.25 1 1
Accretion 1 0.75 0.75 1.25 1.25 0.75 0.75 1.25 1.25 1 1
Evaporation 1 0.75 1.25 0.75 1.25 0.75 1.25 0.75 1.25 0.5 1.5
Table 3. Brier Skill Score computed for different precipitation thresholds for the E1, E2 and E3 ensembles. The reference is the deterministic
AROME forecast. Bold numbers for each threshold show the best performing ensemble.
threshold (mm) 0.5 2 5 10 20 30 40 50 75 100
E1 0.33 0.29 0.27 0.26 0.33 0.35 0.36 0.27 0.29 0.26
E2 0.29 0.28 0.27 0.22 0.23 0.26 0.26 0.23 0.31 0.31
E3 0.35 0.31 0.29 0.26 0.33 0.38 0.38 0.29 0.34 0.33
2.2 The ensemble forecasts
Clark et al. (2011) showed that most of the probabilistic
quantitative precipitation forecast skill for a convection per-
mitting ensemble is obtained with around 10 members for
forecast lead times up to 30 h. All the ensembles described
below are composed of 11 parallel AROME data assimila-
tion cycles, with a 3-hourly data analysis frequency. One 24-
h forecast is issued each day at 12:00 UTC. Two ensembles
sample the uncertainty separately on LBCs and convective-
scale ICs. Another ensemble combines the representation of
both uncertainty sources, the last one also accounts for part
of model uncertainty as well as through the perturbation of
microphysical tendencies. Table 1 summarises the character-
istics of these four ensembles.
The E1 ensemble (named AROME-PEARP2 in Vie´ et al.,
2011) samples the uncertainty coming from the imper-
fect LBCs by driving the 11 AROME data assimilation
cycles and forecasts with the members of the Me´te´o-
France global, short-range EPS, called Pre´vision d’Ensemble
ARPEGE (PEARP). The PEARP members are first down-
scaled using the regional model ALADIN to prevent a
large gap in resolution. The E2 ensemble (named AROME-
PERTOBS in Vie´ et al., 2011) assesses the impact of
uncertainty on convective-scale ICs through an ensemble
data assimilation technique, as in Berre et al. (2006) and
Houtekamer et al. (1996). The analysis error is sampled
by the cycled assimilation of randomly perturbed observa-
tions (every 3 h), creating different ICs for each of the 11
E2 forecasts. Each member has LBCs provided by the oper-
ational, deterministic ALADIN forecast.
The E3 ensemble combines the two methods to generate
an ensemble accounting for both uncertainty on the LBCs
and the ICs at convective scale. Each of the 11 members of
E3 uses randomly perturbed observations in its data assimila-
tion cycle, as in E2, and uses LBCs provided by one member
of the PEARP ensemble as in E1. Figure 1 describes the nu-
merical set-up for the E3 ensemble. The 24-h forecasts issued
daily at 12:00 UTC, and the preceding assimilation cycles,
are drawn in black. Running assimilation cycles are shown
in light grey.
Based on the E3 ensemble, E4 in addition accounts for
model errors in its representation of forecast uncertainty. Per-
turbations of the warm rain microphysical parameterisation,
as in Fresnay et al. (2012), are introduced during the data as-
similation and forecasts. Auto-conversion of cloud droplets
into raindrops, accretion of cloud droplets by raindrops and
rain evaporation processes are perturbed by applying a multi-
plying factor to each tendency. This factor is constant in both
space and time, that is, for one given member of the ensem-
ble, the multiplying factor is the same at each grid point and
throughout the whole data assimilation and forecast period.
The perturbations selected for each member ranged from 0.5
to 1.5 (Table 2).
An ensemble, E5, has been specifically designed to study
the impact of microphysical parameterisation perturbations
alone, using a single set of initial and lateral boundary con-
ditions for all members.
3 Statistical evaluation
The ensembles are evaluated over the same period used in
Vie´ et al. (2011), which corresponds to 18 consecutive days,
from 15 October 2008 to 1 November 2008 inclusive. This
period includes days with different atmospheric conditions.
Precipitation and lightning observations (not shown) indicate
that convective activity occurred on 20–24 October 2008 and
from 30 October to 1 November 2008. The statistical evalu-
ation of our ensembles was carried out for 24-h accumulated
precipitation, surface and low-level parameters. Definition of
the scores used in this study can be found in Vie´ et al. (2011).
Rank histograms are a measure of ensemble spread. An
ensemble with an adequate spread would produce a flat his-
togram, a U-shaped histogram highlights a lack of spread
in the ensemble forecast. Figure 3 shows rank histograms
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Fig. 1. The E3 ensemble experiment. Each nested model run is schematised along one row. Each plain (thick) arrow indicates the behavior
of the eleven ensemble members (x11) short (long) runs. Their coupling along time is figured by the vertical dashed arrows. Each PEARP
member provides LBCs to one ALADIN downscaling forecast, itself providing LBCs to one AROME data assimilation cycle with data
analysis using randomly perturbed observations (stars) every 3 h. Each day, 24-h AROME forecasts are run at 12:00 UTC. The continuing
assimilation cycles after 12:00 UTC are shown in light grey.
for the three ensembles E1, E2 and E3, computed for wind
speed at 925 hPa, against the operational AROME analysis,
for forecast ranges of 3, 6, 12 and 24 h. Although the E3
ensemble is still under-dispersive at all forecast ranges, the
combined use of the ensemble data assimilation technique
and different coupling conditions for each member clearly
yields a better spread than each method used separately. It is
especially interesting that the improvement is larger for in-
termediate forecast ranges (6 to 12 h), when the impact of
initial spread is already largely reduced and the use of differ-
ent LBCs begins to produce significant spread.
Brier Skill Scores (BSS) computed for different thresh-
olds of 24-h accumulated precipitation, using the operational
deterministic AROME forecast as reference, are shown in
Table 3. A perfect forecast has BSS = 1. Positive BSSs for
all three ensembles and every threshold highlight the added
value of a probabilistic forecast compared to a single deter-
ministic forecast. The E3 ensemble has better scores than any
of the other two ensembles for each precipitation threshold
(equal to E1 for 10 and 20 mm), which again shows the ben-
efit of sampling both sources of uncertainty simultaneously.
Relative Operating Characteristics (ROC) and reliability
diagrams (computed for precipitation intervals of 0 < 0.5 <
2 < 5 < 10 < 20 < 50 <+∞, and wind intervals of 0 < 1 <
2 < 4 < 6 < 8 < 10 <+∞) are shown in Fig. 4 for 24-h
accumulated precipitation and 10-m wind speed, computed
against ground-based observations (hourly rainfall amounts
provided by automated raingauges, 10-m wind speeds mea-
sured by automated land-surface stations). ROC curves for
E1 and E3 are very close, both for wind speed and pre-
cipitation. Both ensembles, thus, have a similar resolu-
tion. However, reliability diagrams, especially for precipita-
tion (Fig. 4c), show that the E3 ensemble has a better relia-
bility.
Figure 4 also shows that the addition of microphysical ten-
dencies perturbations in the E4 ensemble has very little im-
pact on the probabilistic scores. This is confirmed by rank
histograms shown in Fig. 5 among other scores and param-
eters computed for this ensemble (not shown). The micro-
physical perturbations applied in the E4 ensemble focus only
on warm microphysical processes. Thus, one can expect an
impact of these perturbations for precipitating days, much
less for days with no rain. For this reason, no significant ef-
fect was found on probabilistic scores applied to the whole
period.
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Fig. 2. Observed 24-h accumulated precipitation (mm) at (a) 00:00 UTC 21 October 2008, (b) 12:00 UTC 22 October 2008 and (c) 12:00 UTC
2 November 2008.
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Fig. 3. Rank histograms for the 925-hPa wind speed from 15 October 2008 to 1 November 2008 at a forecast range of (a) 3, (b) 6, (c) 12 and
(d) 24 h. E1 (black), E2 (gray) and E3 (white).
4 Heavy Precipitating Events case studies
During this 18-day period, three HPEs occurred on 20,
21–22 October and 1–2 November 2008, as evidenced by
the 24-h accumulated precipitation observations for these
events (Fig. 2).
On 20 October 2008 (Case 1), a quasi-stationary MCS
formed over the plain upstream of the Massif Central
foothills, between 13:00 UTC and 17:00 UTC. Synoptic
scale conditions showed only a weak baroclinic activity and
the MCS was driven mainly by mesoscale mechanisms in-
volving interaction with a low-level cold pool. Due to the
convective activity beginning around 06:00 UTC, 24-h en-
semble forecasts were issued at 00:00 UTC for this case, to
simulate the whole event.
On 21–22 October 2008 (Case 2), localised convective
cells formed between 10:00 UTC an 16:00 UTC over the
Massif Central, ahead of a cold front moving south-eastward.
Then, convective activity decreased with the cold front ap-
proaching south-eastern France, to evolve into an organised
convective line from 21:00 UTC. The convective system
merged with the cold front and intensified until 06:00 UTC,
then the system decayed and moved south-eastward over the
sea. This system produced 450 mm of precipitation in 24 h
locally.
On 1–2 November 2008 (Case 3), convection formed in
connection with a large trough over western France. A very
strong low-level jet, bringing moist, unstable air, was lifted
by the Massif Central. An upper-level low, at the west of the
region, induced a strong divergent flow over south-eastern
France. Rainfall amounts up to 365 mm in 24 h were ob-
served.
4.1 Ensemble precipitation forecasts
Figure 6a–c shows the ensemble average and spread of 24-h
accumulated precipitation forecasts for Case 3, for the E1,
E3 and E4 ensembles, respectively. There are only minor
differences between the three ensembles. Since this case is
largely driven by the synoptic-scale forcing, it was expected
that members using the same LBCs would behave similarly,
and perturbations of initial conditions or physics parameteri-
sations have little impact. For some members, the difference
between E1 and E3 is slightly greater than between E3 and
E4. For instance, for member 4 (Fig. 6d–f), E3 and E4 have
similar maximum precipitation accumulation, a little higher
than in E1, and both produced a secondary precipitation line
south-east of the main precipitation area.
Case 2 involves both mesoscale processes and interac-
tions with synoptic-scale conditions. Figure 7 shows ensem-
ble averages of 24-h accumulated precipitation (a–c) and
individual forecasts from members 8 and 9 (d–i). There
are more significant differences between ensembles for this
case, showing the greater impact of perturbations on initial
www.nat-hazards-earth-syst-sci.net/12/2631/2012/ Nat. Hazards Earth Syst. Sci., 12, 2631–2645, 2012
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Fig. 4. ROC curves for precipitation thresholds of (a) 0.5 and (b) 10 mm and for 10-m wind speed thresholds of (d) 2 and (e) 5 m s−1.
Reliability diagrams for (c)precipitation and (f) 10-m wind speed.
 0
 200000
 400000
 600000
 800000
 1e+06
 1.2e+06
 0  2  4  6  8  10  12
E4
E3
(a)
t=6h
 0
 200000
 400000
 600000
 800000
 1e+06
 1.2e+06
 0  2  4  6  8  10  12
E4
E3
(b)
t=24h
Fig. 5. Same as Fig. 3 for E3 (white) and E4 (black), at forecast
ranges of (a) 6 and (b) 24 h.
conditions than for Case 3. E1 produces higher rainfall totals,
as shown by the ensemble mean, as well as forecasts from
members 8 and 9. For all ensembles, the ensemble spread
reaches similar values and is colocated with maximum rain-
fall amounts, but E3 and E4 have a slightly more extended
20 mm spread region. Differences between the E3 and E4
ensembles remain small, and are especially much smaller
than between E1 and E3 (see for instance members 8 and
9, Fig. 7d–i). Perturbations of the microphysical parameter-
isations again bring little improvement to these probabilistic
forecasts.
The quasi-stationary MCS on 20 October 2008 (Case 1)
is mainly driven by mesoscale processes. It is, therefore, ex-
pected that the impact of initial conditions and microphys-
ical perturbations will be larger than for the previous two
cases. Ensemble averages of 24-h accumulated precipitation
(Fig. 8a–c) show higher rainfall amounts for E1. For all en-
sembles, the ensemble spread highlights that the uncertainty
is larger on the south-eastern side of the precipitating system.
Members from different ensembles show greater differences
than in the previous cases, highlighting the more important
impact of perturbations of ICs and microphysical parameter-
isations. However, the impact of microphysical perturbations
still seems smaller, for instance in members 5 and 8 (respec-
tively, in Fig. 8d–f and g–i).
Overall, combining different LBCs and perturbations to
the observations in the mesoscale data assimilation produces
significant differences. As Vie´ et al. (2011) found, the im-
pact of the addition of initial conditions perturbations in the
E3 ensemble depends on the atmospheric conditions, and is
larger for days with a weaker synoptic-scale circulation. The
perturbation of microphysical parameterisations has a much
smaller impact, noticeable only for Case 1 when the system
is mainly driven by a rain evaporation induced cold-pool. To
further assess the impact of microphysical perturbations, an
E5 ensemble forecast is issued for Case 1. Unique initial and
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Fig. 6. 24-h accumulated precipitation forecasts (mm) for Case 3, at 12:00 UTC 2 November 2008. (a–c) Ensemble mean (colour shading)
and standard deviation (solid contour: 20 mm, dashed contour: 50 mm), and (d–f) precipitation forecast by member 4, from the E1 (left),
E3 (centre) and E4 (right) ensembles.
lateral boundary conditions for all members come from the
member 8 of the E3 ensemble. The 24-h accumulated pre-
cipitation produced by the E3 member 8 is shown in Fig. 8h.
These initial and lateral boundary conditions were chosen be-
cause the issued forecast simulated an intense system south-
ward over the plains.
This case involved interactions between the moist, un-
stable low-level jet and a low-level cold pool, pushing the
convective system southward. The microphysical perturba-
tions are expected to have the most impact on this kind of
simulation where mesoscale processes are important. In this
case, one could expect the rain microphysical perturbations
to impact the evaporative cooling and, therefore, affect both
rainfall intensity and position. Figure 9 shows 24-h accumu-
lated precipitation forecasts from the 11 E5 ensemble mem-
bers, as well as the ensemble mean and standard deviation in
panel (l). It shows moderate differences on the intensity and
spatial structure of rainfall, as well as on the position of the
precipitating systems. The ensemble spread is clearly located
on the south-eastern side of the precipitating system, show-
ing that the microphysical perturbations have more impact on
the triggering of convective cells.
Figure 10 shows, for all ensembles, the virtual potential
temperature ensemble spread, as well as the 292 K contour
of the ensemble average of the virtual potential temperature,
at 15:00 UTC 20 October 2008. Microphysical perturbations
in the E5 ensemble indeed have an impact at the edge of the
low-level cold air region, where the new convective cells are
triggered. However, even in this case where mesoscale pro-
cesses play an important role, the impact of microphysical
perturbations is weaker than that of lateral boundary condi-
tions and even more initial conditions. In this case, the cold
air pool which helps the triggering of convection over the
plains is present in initial conditions (at 00:00 UTC 20 Octo-
ber 2008, not shown).
4.2 Scale-dependent analysis of heavy rainfall
Ramos et al. (2005) introduced severity diagrams, a scale-
dependent analysis of extreme rainfall events based on their
return period. In order to avoid extrapolating rainfall inten-
sities by means of probability density functions of extreme
values, we perform here an assessment of maximum rainfall
intensities, through maximum intensity diagrams similarly to
Ceresetti et al. (2012). Therefore, rainfall intensities of the
studied events are accumulated by means of moving average
operations over all the possible combinations of the discrete
temporal and spatial scales.
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Fig. 7. Same as Fig. 6, for Case 2 at 12:00 UTC 22 October 2008, for members 8 (d–f) and 9 (g–i).
The shape of maxima diagrams gives information about
the characteristics of the observed or simulated precipitating
system.
Figure 11a–c shows the maximum observed rainfall inten-
sities during the three HPEs for a range of spatial and tempo-
ral scales. Case 1 yields the lowest intensities, with a maxi-
mum around 55 mm h−1 for small spatial and temporal accu-
mulation scales, while Cases 2 and 3 reach over 70 mm h−1.
The maximum diagrams also allow a scale-dependent
comparison and give information about the characteristics of
the observed or simulated precipitating system. For Case 1,
rainfall intensities remain high for accumulation over large
areas for very short integration duration (one to two hours),
but decrease very rapidly with a growing accumulation time.
For the other two cases, rainfall intensities for accumulation
durations longer than 3 h remain more important, and the di-
agrams display a more symmetric decrease in intensity with
increasing spatial or temporal scales. Berne et al. (2009) have
depicted the rain-cell structures highlighting the advection
role. The symmetric figures for Cases 2 and 3 show the sta-
tionarity of the convective systems, while Case 1 shows some
advection.
Figure 12 shows, for each ensemble and each case, the nor-
malised difference between the average forecast maximum
intensity and the observed maximum intensity (defined as
mean(max[sim])-max[obs]
max[obs] ). These diagrams show no differences
between the E1, E3 and E4 ensembles. The structure and be-
haviour of precipitating cells and systems are, therefore, not
significantly changed by the different perturbations.
For Case 1, Fig. 12a–c shows that the maximum intensi-
ties simulated for scales between 30 and 80 km, and accu-
mulation durations of 1 to 3 h, are underestimated by around
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Fig. 8. Same as Fig. 6, for Case 1 at 00:00 UTC 21 October 2008, for members 5 (d–f) and 8 (g–i).
50 %. For smaller spatial scales, the simulated maxima are
close to the observed ones. This indicates that the convective
cells simulated for this case have a correct intensity, but they
did not organise into a convective system as large as was ob-
served. Simulations for Case 1 also exhibit an overestimation
of maximum intensities for larger spatial and temporal scales
(50 km, 18 h). This may be caused by disorganised convec-
tive cells producing precipitation in a larger region than was
observed, and the simulations producing too much light rain.
This is consistent with time series of average precipitation,
which show that the peak of precipitation is underestimated,
but precipitation is overestimated before and after the peak
(see Vie´ et al., 2011, their Fig. 13b).
The ensembles perform better for Case 2 (Fig. 12d–f), with
only an underestimation of about 30 % for spatial scales un-
der 30 km and an overestimation for spatial scales around
50 km. Ensemble forecasts for Case 3 (Fig. 12g–i) produce
a more symmetric maxima diagram, with an underestima-
tion of maximum intensities for small spatial and temporal
scales and a strong overestimation of intensities for large
scales. This shows that the intensity of convective cells is
only slightly underestimated, but the simulated precipitating
system has a wider extension than the observed one. In both
cases, the simulated precipitating region is more extended
than in the observations and covers most of the Ce´vennes.
This may indicate that the orographic forcing is too strong in
the numerical model.
4.3 Hydrological ensemble discharge forecasts
An evaluation of the AROME ensembles performance for
flash-flood forecasting was performed through the computa-
tion of hydrological ensemble discharge forecasts using the
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Fig. 9. 24-h accumulated precipitation forecasts (mm) for Case 1, at 00:00 UTC 21 October 2008, from each member of the E5 ensemble.
Panel (l) shows the ensemble mean (colour shading) and 20 mm (solid) and 50 mm (dashed) standard deviation contours.
ISBA-TOPMODEL coupled system. This system is a full
coupling between the land surface model ISBA, which man-
ages soil water budget on soil columns, and TOPMODEL
which takes care of the lateral redistribution of soil mois-
ture based on the topography. This coupled system is run in
forecasting mode, using hourly precipitation data (as well as
other surface parameters, such as humidity and temperature)
from the AROME ensemble members to produce runoff fore-
casts. Initial conditions are prepared by a 48-h run before the
event, started from a larger scale soil analysis (for soil mois-
ture and temperature) and driven by the observed precipita-
tion data during these 48 h. For more details on this forecast-
ing chain, refer to Vincendon et al. (2011) (their Sect. 2.1).
Discharge forecasts were performed for three catchments
of the Ce´vennes-Vivarais region, at Vallon Pont d’Arc for
the Arde`che river, at Bagnols-sur-Ce`ze for the Ce`ze river
and at Boucoiran for the Gardons river (Fig. 1 of Vin-
cendon et al., 2011). Since the precipitating system on
20 October 2008 (Case 1) produced rainfall over the plains
south of these three catchments, no hydrological forecasts
are performed for this case. Ensemble discharge forecasts
were computed for Cases 2 and 3, on 21–22 October and
1–2 November 2008, for the E1, E3 and E4 ensembles.
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Discharge simulations for Case 3 do not show significant
differences between the three ensembles. Forecasts for the
Gardons river for each ensemble are shown in Fig. 13. As
detailed in the previous section, most of the uncertainty on
this case emerges from the synoptic-scale conditions. LBCs
have a dominant impact on the AROME forecasts, so that the
three ensembles produced similar precipitation forecasts, and
the hydrological forecasts behave similarly as well.
Figure 14 shows discharge forecasts for the E1, E3 and
E4 ensembles for the Arde`che, Ce`ze and Gardons rivers for
Case 2. As previously stated, the E1 ensemble produced
higher rainfall totals than E3 and E4, which explains that
hydrological forecasts driven by the E1 ensemble mem-
bers simulated stronger discharges. This is especially clear
for the Ce`ze (Fig. 14d–f) and Gardons (Fig. 14g–i) rivers.
Differences exist between E3 and E4, although they are
again weaker than differences between E1 and E3. Discharge
forecasts from both ensembles are close for the Arde`che
river (the northernmost catchment). For the Ce`ze river, and
even more for the Gardons (the southernmost catchment),
the E3 ensemble members produced a shifted discharge peak
either too early or too late at 12:00 UTC and 20:00 UTC
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Fig. 13. Observed and forecast hydrological discharge for the Gardons river for Case 3, from 12:00 UTC 1 November 2008 to 00:00 UTC
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22 October 2008 at Bagnols-sur-Ce`ze (Fig. 14e) and at
02:00 UTC and 12:00 UTC 22 October 2008 at Boucoiran
(Fig. 14h). The E4 ensemble produces a single peak, around
16:00 UTC 22 October 2008 at Bagnols-sur-Ce`ze (Fig. 14f),
and 10:00 UTC 22 October 2008 at Boucoiran (Fig. 14i).
These differences affect more the southernmost catchment,
which is where the convective system is regenerated, that
is, where new convective cells are created. This could be
explained by the role of the microphysical parameterisa-
tion during the triggering of convection, or their impact on
mesoscale mechanisms, such as the development of a cold
pool, as discussed in Sect. 4.1.
5 Conclusion
Previous research on convection permitting ensemble fore-
casts by Vie´ et al. (2011) assessed the impact of uncertain-
ties separately on initial conditions and lateral boundary con-
ditions. The present study focused on the combination of
both uncertainty sources in a single ensemble, and on the
assessment of part of model errors through the addition of
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Fig. 14. Same as Fig. 13, for (a–c) the Arde`che, (d–f) the Ce´ze and (g–i) the Gardons rivers, for Case 2, from 12:00 UTC 21 October 2008
to 00:00 UTC 23 October 2008, for the (a,d,g) E1, (b,e,h) E3 and (c,f,i) E4 ensembles.
microphysical perturbations. Following Fresnay et al. (2012),
and focusing on HPEs, perturbations were applied to the
auto-conversion, accretion and evaporation tendencies.
The ensembles were evaluated using probabilistic scores
on an 18-day period, including three HPE case studies.
For the three case studies, an innovative evaluation process
was set up. Rainfall forecasts were evaluated in a scale-
independent framework using maxima diagrams Ceresetti
et al. (2012). Furthermore, an hydrological evaluation was
conducted through ensemble discharge forecasts for typi-
cal Mediterranean coastal watersheds, as in Vincendon et al.
(2011).
The statistical evaluation showed the benefit of accounting
for both uncertainties on initial and lateral boundary condi-
tions in the E3 ensemble. Probabilistic scores are either as
good as, or better than any of the E1 and E2 ensembles taken
separately. Moreover, a significant gain in ensemble spread
has been found, especially for intermediate forecast ranges,
when the E1 and E2 ensembles performed the worst. The
statistical evaluation of the E4 ensemble showed no improve-
ment over the E3 ensemble. An impact of the perturbation of
the microphysical parameterisation was found for the HPE
case studies. This impact is more important when the con-
vective system involves complex mesoscale processes, such
as a low-level cold pool on 20 October 2008, than for systems
having stronger interactions with the synoptic-scale circula-
tion (on 21–22 October and 1–2 November 2008). However,
even for the HPE on 20 October 2008, these perturbations
had a weaker impact than perturbations of either initial or
lateral boundary conditions.
The hydro-meteorological evaluation of our ensembles on
the three case studies confirms that the E1, E3 and E4 en-
sembles behave quite similarly. Maxima diagrams show that
the perturbations used in the ensembles have no noticeable
impact on the characteristics of the simulated precipitating
systems. For Case 1, they confirm that the peak of precip-
itation is underestimated, and indicate that simulated con-
vective cells do not organise into a well-formed convective
system. For Cases 2 and 3, the forecast convective cells are
slightly weaker than observed, but the precipitating system
has a wider extension over the Ce´vennes mountains.
The hydrological discharge forecasts for HPEs on 21–
22 October and 1–2 November 2008 also show small differ-
ences between ensembles. Differences are more important on
21–22 October 2008, especially for the southernmost water-
shed. This shows that, despite having little noticeable impact
on the 24-h accumulated precipitation forecasts, the micro-
physical perturbations can affect the convective system ini-
tiation and development, at scales that are relevant for flash-
flood forecasts. The impact of microphysical perturbations
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seems located at the southern end of the precipitating sys-
tem, where the convection is continuously regenerated by the
triggering of new cells.
Overall, the three chosen microphysical perturbations, fo-
cusing on precipitation, have no impact on probabilistic
scores. They may affect ensemble forecasts of heavy precipi-
tating events, although not as much as initial or lateral bound-
ary conditions. Another approach to sample the model error
in ensemble forecasts is detailed in Bouttier et al. (2012).
They use the ECMWF stochastic perturbation of physics ten-
dencies (SPPT) scheme, adapted to convective-scale fore-
casts. They found an improvement in probabilistic scores
as well as on case studies, even on low-level fields despite
the lack of surface perturbations. To specifically enhance the
spread at lower levels, it is planned to investigate perturba-
tions of surface fields and surface-atmosphere fluxes. Further
research also focuses on different parameterisations, such as
the turbulence one. These scientific issues will be addressed
in forthcoming studies.
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